PURPOSE. We investigated the protective effects of HO-1, induced by hemin, in the retinas of streptozotocin (STZ)-induced diabetic rats, and document the possible antiinflammatory, anti-apoptotic, and anti-proliferative mechanisms underlying the protection.
D
iabetic retinopathy (DR) is a progressive neurodegenerative disease that results in the cellular dysfunction of multiple types of cells in the retina. In response to the diabetic microenvironment, all types of retinal cells undergo a series of changes in function and structure, including apoptosis of retinal ganglion cells (RGCs) and metabolism of Müller glial cells. 1, 2 Despite having identified multiple pathogenic mechanisms in DR, the treatment methods of this disease are limited. Since DR was described as diabetic retinitis, inflammatory processes in the retina, including oxidative damage, neuron apoptosis, and cell proliferation, have attracted increasing attention.
Heme oxygenase (HO), a stress-responsive enzyme, also is the rate-limiting enzyme in heme catabolism. HO degrades free heme to yield equimolar amounts of gas carbon monoxide (CO), iron, and biliverdin. Iron induces the expression of heavy-chain (H-) ferritin (H-ferritin), and biliverdin is converted to bilirubin by biliverdin reductase. The function of HO-1 is to prevent the accumulation of highly deleterious free heme. 3 The byproducts (CO, biliverdin, bilirubin, and H-ferritin) produced in the process of heme-HO reaction all are antioxidants, anti-inflammatories, and modulators of cell death and proliferation. 4, 5 These byproducts can promote the return to homeostasis after the onset of many pathologic conditions by different mechanisms. Two distinct mammalian HO isoforms have been identified and characterized: HO-1 and HO-2. HO-1, an inducible protein, is expressed ubiquitously and is induced strongly by numerous stress stimuli in diabetes, including heat shock, oxidative injury, and microvascular and macrovascular complications. [6] [7] [8] [9] In the retinas of rats, HO-1 is overexpressed in response to ischemia-reperfusion injury. 10, 11 Induction of HO-1 could be a part of the retina's anti-apoptosis system of defense against light-induced damage to the photoreceptors in rats. 12 HO-1 also can be induced by heavy metals and their substrate, hemin (ferriprotoporphyrin IX). 13, 14 Hemin induces the upregulation of HO-1 gene expression, and prevents an inflammatory response in vascular endothelial cells and glial cells, lung injury, and liver damage. [15] [16] [17] [18] Nonetheless, the underlying mechanisms remain largely unknown.
The induction of the HO-1 gene is primarily regulated at the transcriptional level; the pharmacological abilities of hemin and polyphenols to induce HO-1 is linked to the transcription factor nuclear factor-erythroid 2 (NF-E2)-related factor 2 (Nrf2). 18, 19 Nrf2 recently has attracted considerable interest from researchers investigating inflammatory disorders and neurodegenerative diseases. 20, 21 The extracellular signal-regulated kinase (ERK) signaling pathway of mitogen-activated protein kinase (MAPK) family appears to be involved to some extent in HO-1 expression and Nrf2 nuclear translocation in response to diverse stimuli. 18, 22, 23 In the retinas of diabetic subjects, the ERK1/2 signaling pathway has a key role in high glucose-induced stress and VEGF release. 24, 25 We investigated the induction of HO-1 in the rat retina by hemin. We hypothesized that Nrf2 and ERK1/2 signaling activation is related to the overexpression of HO-1. Furthermore, to determine a potential target for treatment, we investigated the effect of hemin treatment, and illuminated the underlying anti-inflammatory, antioxidant, anti-apoptotic, and anti-proliferative mechanisms provided by hemin-induced HO-1 expression in STZ-induced diabetic rats' retina.
MATERIALS AND METHODS

Experimental Animals and Intraperitoneal Hemin Treatment
Male Sprague-Dawley (SD) rats, 9 weeks of age (250 6 20 g), were assigned at random to become diabetic or remain nondiabetic controls. Treatment of the animals conformed to the National Institute of Health Principles of Laboratory Animal Care and the ARVO Statement of the Use of Animals in Ophthalmic and Vision Research, and local institutional guidelines. Diabetes was induced by a single intraperitoneal injection of streptozotocin (60 mg/kg body weight; Sigma, Poole, UK) in SD rats (9 weeks of age). Age-matched control rats were injected with citrate buffer (6.0 mL/kg) using the same method. Animals with plasma glucose levels greater than 16 .0 mmol/L 3 days after streptozotocin injection were considered diabetic. Plasma glucose level and weight of animals were monitored once a week for the 3 months of the study and just before the rats were euthanatized by an overdose of pentobarbital at 2, 4, 6, 8, or 12 weeks after the onset of diabetes. The same methods were used for the age-matched normal control group.
For the preparation of injection, hemin (Sigma) was dissolved first in 0.2 M NaOH, adjusted to a pH of 7.4, and diluted to a final concentration of 0.01 M with physiologic saline. The hemin solution must be used within 1 hour after preparation. Rats that were induced with diabetes by streptozotocin were given intraperitoneal injections of hemin (20 mg/kg body weight as therapy group) on alternate days from the onset of diabetes until euthanatized at 4 or 8 weeks. The normal rats were given intraperitoneal injections of physiologic saline (3 mL/kg body weight as vehicle group) on alternate days, lasting 8 weeks. Compared to the hemin(þ) therapy group, the hemin(À) nontreated diabetic rats were the blank group. The experimental groups and numbers of animals at each time point of each group are presented in Table 1 . In each group, one eye of each rat was removed and made into paraffin-embedded sections or frozen sections for TUNEL labeling and immunofluorescence. The retina of the other eye was isolated and frozen immediately in liquid nitrogen for biochemical measurements (Western blots and real-time PCR).
Blood Collection and Hematological Examination
Whole blood samples were collected from the femoral vein into evacuated tubes containing EDTA solution as anticoagulant. The tube was conserved at 48C (within 24 hours after collection) and used for determination of hematological parameters. Red blood cells count (RBC) and hemoglobin concentration (Hb) were measured by blood cell analyzer CELL-DYN 3700 (Abbott Laboratories, Abbott Park, IL). Glycosylated hemoglobin (HbA1c) were measured by automatic glycosylated hemoglobin analyzer AC6000 (Audicom Medical Technology Co., Ltd., Jiangsu, China).
Real-Time Quantitative PCR
Quantitative real-time PCR was performed using a thermal cycler (Stepone Plus; Applied Biosystems, Carlsbad, CA). The 2 ÀDDC T analysis method was used to quantify relative amounts of mRNA. 26 For normalization of gene expression levels, mRNA ratios relative to the house-keeping gene b-actin were calculated. Total RNA was isolated from the retina using an extraction reagent (TRIzol; Invitrogen, Carlsbad, CA) and 1 lg total RNA was reverse-transcribed with 1 lM oligo(dT) and Superscript reverse transcriptase (Promega, Shanghai, China). cDNA was amplified in a 20 lL reaction containing 1 lL of cDNA template, 10 lL of iSYBR supermix (Biotnt, Shanghai, China), 0.2 lM each of upstream-and downstream-primer, and double-distilled H 2 O. Exon-spanning primers (synthesized by Invitrogen, Shanghai, China), designed by means of Primer 5.0 software (Premier Biosoft International, Palo Alto, CA), and PCR conditions are summarized in Table 2 . After an initial denaturation step of 958C for 5 minutes, PCR involved 40 cycles at 958C for 5 seconds, 608C for 30 seconds, and 728C for 10 seconds.
Western Blot Analyses for HO-1, Nrf2, tERK, pERK, HIF-1a, SOD-1, VEGF, bcl-2, and p53
Western blot analyses of HO-1 (Abcam, Hong Kong, China), Nrf2 (Abcam), total ERK1/2 (tERK; Cell Signaling Technology, Danvers, MA), phosphorylated ERK1/2 (pERK; Cell Signaling Technology), HIF-1a (Epitomics, Burlingame, CA), SOD-1 (Epitomics), VEGF (Abcam), bcl-2 (Chemicon, Temecula, CA), and p53 (Chemicon) were performed using the respective antibodies. The whole retina was isolated carefully and placed into 100 lL of lysis buffer (7 M urea, 32.5 mM CHAPS, 2 M thiourea, 50 mM dithiothreitol, 100 mM PMSF, [pH 7.5]) supplemented with protease inhibitors (2 mg/L aprotinin, 100 lM phenylmethylsulfonyl fluoride, 10 lM leupeptin, 2.5 lM pepstatin A) and sonicated. The lysate was centrifuged and the supernatant was collected. Each sample containing 30 lg of total protein was separated by SDS-PAGE, and electroblotted to polyvinylidene fluoride (PVDF) membranes (Milipore, Billerica, MA). After nonspecific binding was blocked with 5% BSA, the membranes were incubated with a rabbit polyclonal antibody against HO-1 (1:2000), Nrf2 (1:1000), tERK (1:1000), pERK (1:1000), HIF-1a (1:2000), VEGF (1:500), SOD-1(1:1000), bcl-2 (1:2000), and p53 (1:1000) at 48C overnight, followed by incubation with a horseradish peroxidase (HRP)-linked goat antibody against rabbit IgG (1:2500; BioSource, Camarillo, CA). The signals were visualized with chemiluminescence (ECL kit; Thermo Scientific, Rockford, IL) according to the manufacturer's protocol.
Immunofluorescence and Confocal Microscopy
Frozen sections were used for immunofluorescence. Eye cups were fixed for 2 hours at 48C with 4% paraformaldehyde in 0.1 M PBS, followed by immersion in a graded sucrose solution (20-30% in 0.01 M PBS) at 48C overnight. Eye cups were embedded in optimal cutting temperature (OCT) compound (Tissue-Tek; Sakura Finetek, Torrance, CA), sectioned at 10 lm, and stored at À808C until needed. After incubation with 0.3% Triton in 0.01 M PBS for 30 minutes at 378C, retinal cryostat sections were incubated with a blocking solution for 30 minutes at 378C. Immunofluorescent labeling was performed to identify immunoactive cells using primary antibodies specific for HO-1 (1:100; Abcam), Nrf2 (1:100; Abcam), pERK (1:1000; Cell Signaling Technology) and GFAP (1:500; Chemicon) at 48C overnight. After the sections were rinsed three times with 0.01 M PBS, anti-rabbit antibodies (1:1000; Alexa Fluor 488, Alexa Fluor 555; Molecular Probes; Invitrogen, Eugene, OR) were applied as secondary antibodies and incubated at 378C for 1 hour. Cell nuclei were counterstained with 4 0 -6-diamidino-2-phenylindole (DAPI; Sigma, St. Louis, MO). Images were acquired under a laser confocal microscope (FluoView FV1000; Olympus, Tokyo, Japan), using a 488-nm laser for Alexa Fluor 488 and a 543-nm laser for Alexa Fluor 555. Both fluorophores were imaged by a sequential line scan, and each image was saved at a resolution of 1024 3 1024 pixels. The optical sections were reconstructed with a maximum projection using the microscope software (OLYMPUS FV1000 Ver.1.7b Viewer, Olympus).
In Situ TUNEL Labeling
Paraffin sections were used for in situ TUNEL labeling. Eyeballs were harvested and fixed in methacarn solution (60% methanol, 30% chloroform, and 10% acetic acid) and were sectioned along the vertical meridian to include a full length of retina passing through the optic nerve head, and the superior and inferior regions of the eye. For each rat, three 4 lm thick paraffin-embedded sections that included the ora serrata and the optic nerve were stained by a TUNEL-based kit (TACS TdT Fluorescein; R&D Systems, Minneapolis, MN). The number of TUNEL-positive RGCs for each retinal section was counted in four selected retinal areas, each 0.33 mm in length. The first two segments chosen were located 0.33 mm superior and inferior to the optic nerve head, respectively, and the other two segments were 0.33 mm superior and inferior to the first two segments, respectively. The total number of TUNEL-positive RGCs of these 12 retina areas was averaged as a representative of TUNEL-positive RGCs per one eye sample.
Retrograde Labeling of RGCs
A total of 7 lL of the lipophilic tracer, 1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyamine percholorate (diI; Molecular Probes, Eugene, OR) was placed on both superior colliculi for retrograde labeling of RGCs in normal group, blank group, and therapy group at weeks 3 and 7. 27 One week later, six rats were killed. Whole mounted retinas of the left eye were examined under a fluorescence microscope (DM 4000B; Leica, Wetzlar, Germany) within 3 hours of enucleation. Three selected areas (0.307 mm 3 0.307 mm) at 2, 3, and 4 mm from the optic disc were photographed in the four retinal quadrants. The number of diI-labeled cells was counted in the photographs and the density of labeled RGCs/mm 2 was calculated by averaging the 12 counts in each retina.
Statistical Analysis
Data were subjected to statistical analysis by paired or unpaired t-tests and ANOVA (GraphPad Prism, version 5.0; GraphPad Software Inc., San Diego, CA). Newman-Keuls multiple comparison tests were used to compare the data within each experiment. Data were presented as mean 6 SEM. Experiments were performed in triplicate at least. P < 0.05 was considered statistically significant.
RESULTS
Glucose and Weight
After the rats had been injected with STZ, the induction of diabetes was confirmed based on the rats' blood glucose levels (>16.0 mmol/L) and weight. Of the injected rats 87.3% became diabetic. As expected, the mean blood glucose level was elevated significantly in rats from the diabetic group, compared to the age-matched control group ( Fig. 1A , P < 0.0001, n ¼ 10 at each time-point in each group). Almost all rats in the diabetic group reached the category ''High 1'' blood glucose level ( ‡33.3 mmol/L) 3 days after being injected with STZ and maintained this level until the last of the rats were euthanized at the end of 12 weeks. The mean body weight of the agematched control rats increased gradually. Meanwhile, the mean body weight of the diabetic group decreased on the first day of confirmed diabetes, increased slightly from weeks 2 to 4, and then decreased again ( 
Effect of Hemin on Blood Hb and HbA1c of Diabetic Rats
The mean blood levels of Hb were significantly higher in the hemin-treated rats compared to the nontreated diabetic rats ( Fig. 2A , P ¼ 0.0009 between the therapy group and blank group at week 4, and P ¼ 0.0263 at week 8; n ¼ 10 blood samples at each time-point in each group). The mean blood levels of HbA1c were significantly higher in the nontreated diabetic group compared to the normal control group and a significant increase was observed from weeks 4 to 8 after administering STZ ( Fig. 2B , P < 0.0001). The mean level of HbA1c was significantly lower in hemin-treated group, compared to the nontreated group ( Fig. 2B , P ¼ 0.0039 between the therapy group and blank group at week 4, and P ¼ 0.0051 at week 8; n ¼ 10 blood samples at each time-point in each group). The mean blood RBC level had no significant differences between treated and nontreated groups (data not shown in this study). 
VEGFa, vascular endothelial growth factor a; HIF-1a, hypoxia inducible factor-1a; SOD-1, Cu-Zn superoxide dismutase-1; bcl-2, B cell leukemia/ lymphoma-2.
Expression of HO-1 mRNA and Protein in the Retinas of Diabetic Rats
Western blot analysis of homogenized retinal tissue from diabetic rats (blank group) revealed that the expression of endogenous HO-1 was detected 2 weeks after the STZ-induced high blood glucose, peaked at week 4, and peaked a second time at week 12 (Figs. 3A, 3B). Since there were no significant differences among the five age-matched normal control groups, data just showed the 12-week-matched normal control group as the normal group (Nor). The amount of HO-1 produced at week 4 was 57.9 6 28.89-fold greater than the amount of HO-1 produced in the normal rat retina, 4.63 6 1.68-fold greater than week 2, and 1.94 6 0.47-fold greater than week 6. The level of HO-1 protein in diabetic retinas was significantly higher than in normal control retinas (P ¼ 0.0034, P ¼ 0.0003, P < 0.0001, P ¼ 0.0009, and P ¼ 0.0006 at weeks 2, 4, 6, 8, and 12, respectively; n ¼ 6 eye samples at each time-point in each group, or n ¼ 6 for short in the following paragraphs). The data also showed that the amount of HO-1 protein decreased at week 6, compared to week 4 (P ¼ 0.012).
Consistent with the protein data, our analysis revealed significantly higher levels of HO-1 mRNA in retinas from diabetic rats after 4 weeks, compared to the retinas of the normal controls (P ¼ 0.1932, P ¼ 0.0127, P ¼ 0.0167, P ¼ 0.0256, and P ¼ 0.0353 at weeks 2, 4, 6, 8, and 12, respectively; n ¼ 6; Fig. 3C ). Weeks 4 and 12 were the two expression peaks. The data also showed that the level of HO-1 mRNA decreased at week 6, compared to week 4 (P ¼ 0.017).
We used immunofluorescence to determine the types of cells responsible for the changes in HO-1 expression in the retinas of diabetic rats. A very small quantity of HO-1 expression was observed in the normal control retinas, mainly in the inner nuclear layer (INL; Figs. 4A, 4G). At week 2, HO-1 immunoactivity increased in the RGC layer and INL of diabetic retinas, with weak expression in the inner plexiform layer (IPL, Fig. 4B ). At week 4, the expression increased further in the RGC layer, INL, and IPL, and appeared more intensely in the Müller cell nucleus and the processes crossing the whole retina, including the outer nuclear layer (ONL). The configuration of the Müller cells could be identified (Figs. 4C, 4D, 4H ). Compared to week 4, the immunoactivity decreased in the RGC layer and INL at week 6 (Fig. 4E ). In the diabetic retinas, at week 12, HO-1 immunoactivity increased in the RGC layer and IPL, compared to week 6 (Figs. 4F, 4I; n ¼ 6).
Effect of Hemin on Expression of HO-1 in the Retinas of Diabetic Rats
In Figures 5A and 5B, Western blot analysis showed that the expression of retinal endogenous HO-1 was barely detectable after saline injection in the vehicle group, and elevated at 4 and 8 weeks in the blank group (P < 0.0001 and P ¼ 0.0023 at weeks 4 and 8, respectively; n ¼ 6). The hemin-induced expression of HO-1 in diabetic retinas was significantly higher than that in the nontreated blank group at week 8 (therapy group versus blank group, 5.06 6 1.32-fold vs. 4.83 6 0.59-fold at week 4 and 3.21 6 0.51-fold vs. 1.02 6 0.04-fold at week 8; P ¼ 0.7658 and P ¼ 0.0011 at weeks 4 and 8, respectively; n ¼ 6). There was no significant difference between the vehicle and normal groups (P ¼ 0.235). Consistent with the protein data, quantitative real-time PCR revealed a significant elevation of HO-1 mRNA in the diabetic blank group, compared to the control group ( Fig. 5C ; P ¼ 0.0127 and P ¼ 0.0035 at weeks 4 and 8, respectively; n ¼ 6) and a significant elevation of the hemin-induced expression of HO-1 mRNA at week 8, compared to the blank group (P ¼ 0.0632 and P ¼ 0.0009 at weeks 4 and 8, respectively). The vehicle group had no significant difference compared to the normal group (P ¼ 0.615)
Immunofluorescence analysis showed that the intraperitoneal injection of hemin induced prominent expression of HO-1 in the retinas of diabetic rats at week 8 (Fig. 6) . The expression occurred mainly in the IPL, INL, and ONL, and especially in the RGC layer (Fig. 6C) . By contrast, moderate HO-1 expression was observed at week 8 in the RGC layer, INL, and IPL of the untreated diabetic blank group (Fig. 6B) . Immunoactivity of HO-1 was barely detectable in the vehicle retina, except weak expression in the INL (Fig. 6A, n ¼ 6 )..
Effect of Hemin on the Expression of Nrf2 and Activation of ERK 1/2 in the Retinas of Diabetic Rats
Western blot analysis determined that the level of retinal Nrf2 expression rose after diabetes was induced and peaked at week 4 (Figs. 7A, 7B ). The second expression peak was at week 12 (P ¼ 0.0026, P ¼ 0.0056, P ¼ 0.0045, P ¼ 0.0182, and P ¼ 0.0024 at weeks 2, 4, 6, 8, and 12, respectively; n ¼ 6). We detected the active Nrf2 at approximately 90 kDa. The hemininduced expression of Nrf2 in diabetic retinas was significantly
The mean blood glucose levels were significantly higher in the diabetic group compared to the normal control group (P < 0.001, n ¼ 10). (B) Mean body weight of the normal control group gradually rose, and mean body weight of the diabetic group was significantly lower than that of the normal control group in spite of slight increase at first four weeks (P < 0.001, n ¼ 10).
higher than the expression in the nontreated blank group (therapy group versus blank group 3.23 6 0.46-fold vs. 2.30 6 0.36-fold at week 4 and 3.95 6 0.50-fold vs. 1.59 6 0.25-fold at week 8; P ¼ 0.003 at weeks 4 and 8). At various intervals after STZ-induced high blood glucose (2, 4, 6, 8, and 12 weeks), the protein level of total ERK1/2 (tERK) was unchanged ( Fig. 7C , P ¼ 0.057, n ¼ 6) either in the hemin(þ) therapy group (P ¼ 0.721). In contrast, it was significantly higher in levels of phosphorylated ERK1/2 isoforms, compared to the normal control ( Fig. 7C ; P ¼ 0.0048, P ¼ 0.0074, P ¼ 0.0049, P ¼ 0.1434, and P ¼ 0.2408 at weeks 2, 4, 6, 8, and 12, respectively; n ¼ 6) and peaked at week 4. The time course and magnitude of increased ERK1/2 phosphorylation were similar to trends in the expression of HO-1 and Nrf2 (Figs. 3,  7B) .The hemin-induced expression of pERK in diabetic retinas at week 8 was significantly higher than in the diabetic blank group (therapy group versus blank group 3.87 6 0.46-fold vs. 0.94 6 0.06-fold, P ¼ 0.0008). Interestingly, the expression of pERK in the hemin(þ) therapy group at week 4 had no marked tendency, compared to the diabetic blank group (therapy group versus blank group 2.84 6 0.38-fold vs. 2.84 6 0.57-fold, P ¼ 0.997), but was significantly higher than in the normal group (P ¼ 0.0023).
Immunofluorescence analysis of retinal tissues revealed that the Nrf2 protein was induced in the retinal RGC layer and IPL 4 weeks after onset of diabetes, and that activation of Nrf2 protein increased in the hemin-treated retina in the RGC layer, IPL, and INL (Figs. 8A, 8D , 8G, 8J, 8M). Phosphorylated ERK1/2 immunofluorescence in vehicle retinas showed hardly any immunoactivity (Fig. 8B) . In diabetic retinas at weeks 4 and 8, labeling occurred mostly in the Müller cell nucleus and processes (Figs. 8E, 8H) . A further increase in staining intensity occurred in the same pattern after hemin was inducted into the retinas of diabetic rats. The induced ERK1/2 phosphorylation increased mostly in the INL and RGC layer (Figs. 8K, 8N ). groups significantly different from normal control group (**P < 0.01, ***P < 0.001, n ¼ 6). Expression of HO-1 was strikingly descended at week 6 compared to week 4 (P ¼ 0.012). (C) Expression of HO-1 mRNA determined by real-time PCR. Values were standardized to bactin mRNA levels and calculated as 2 ÀDDC T in the same RNA samples. Asterisks: groups significantly different from normal control group (*P < 0.05, n ¼ 6). Expression of HO-1 mRNA was strikingly decreased at week 6 compared to week 4 (P ¼ 0.017).
FIGURE 2. (A)
The mean blood Hb levels were significantly higher in rats in the hemin-treated groups after hemin administration every other day (***P < 0.001 at week 4 and *P < 0.05 at week 8, n ¼ 10) than the levels in the diabetic blank groups. (B) The mean blood HbA1c levels of the diabetic group gradually rose (***P < 0.001, n ¼ 10), and HbA1c level in two hemin-treated time points were significantly lower than that of two diabetic blank time points (**P <0.01 at weeks 4 and 8, n ¼ 10).
Immunofluorescence Studies of GFAP Activation in Hemin Treated Diabetic Rat Retina
We observed activation of glial fibrillary acidic protein (GFAP) in retinas examined for immunohistochemical staining at 4 and 8 weeks after the induction of diabetes and hemin treatment (Fig. 8) . The induced expression of GFAP was detected in the inner limiting membrane (ILM), RGC layer, and IPL, indicating the activation of macroglia, including astrocytes and Müller cells (Figs. 8L, 8O ). In contrast, immunoactivity of the GFAP was detected at weeks 4 and 8 only in the ILM and RGC layer in 
Effect of Hemin on Expression of HIF-1a, SOD-1, mRNA, and Protein in the Retinas of Diabetic Rats
To document the inhibitory effect of induced HO-1 on retinal oxidative injury after high diabetic levels of glucose, we investigated the expressions of HIF-1a and SOD-1. In Figures  9A, 9B , and 9D, Western blot analysis showed that initially the expressions of retinal endogenous HIF-1a and SOD-1 were barely detectable in the vehicle group, but were significantly higher when measured at 4 and 8 weeks after diabetes was induced (HIF-1a P ¼ 0.0033 at week 4 and P ¼ 0.0018 at week 8; SOD-1, P < 0.0001 at week 4 and P ¼ 0.0023 at week 8; n ¼ 6). The hemin injection reduced the expression of HIF-1a in diabetic retinas at weeks 4 and 8 (therapy group versus blank normalized against values of actin controls to adjust for protein loading. Normal group and vehicle group were both control groups. Asterisks: blank and therapy groups that were significantly different from control group at different time points (**P < 0.01, ***P < 0.001, n ¼ 6). (C) Expression of HO-1 mRNA determined by quantitative real-time PCR. Asterisks: blank and therapy groups that were significantly different from control group at different time points (*P < 0.05, **P < 0.01, ***P < 0.001, n ¼ 6). group, 18.92 6 5.62-fold vs. 33.23 6 13.65-fold at week 4 and 24.94 6 9.78-fold vs. 40.78 6 7.57-fold at week 8; P ¼ 0.0411 and P ¼ 0.0429 at weeks 4 and 8, respectively), indicating that the induction of HO-1 suppressed the expression level of HIF-1a protein. In contrast, the expression level of SOD-1 was significantly higher in hemin(þ) diabetic retinas compared to the hemin(À) blank group (therapy group versus blank group, 6.87 6 1.29-fold vs. 4.73 6 0.57-fold at week 4 and 9.83 6 2.67-fold vs. 5.17 6 0.86-fold at week 8; P ¼ 0.0228 and P ¼ 0.0159 at weeks 4 and 8, respectively). It is possible that overexpression of HO-1 might have a contribution to activation of SOD-1.
As shown in Figures 9C and 9E , quantitative real-time PCR revealed a significant reduction in the expression of HIF-1a mRNA in the retinas of hemin-treated rats (P ¼ 0.0051 and P ¼ 0.0031 at weeks 4 and 8, respectively; n ¼ 6), and a significant elevation of the hemin-induced expression of SOD-1 mRNA (P ¼ 0.0095 and P ¼ 0.0176 at weeks 4 and 8, respectively), compared to the diabetic blank group. HIF-1a mRNA and SOD-1 mRNA levels were significantly higher in the diabetic blank group than in the control group (HIF-1a, P ¼ 0.0237 and P ¼ 0.0016 at weeks 4 and 8, respectively; SOD-1, P ¼ 0.0404 and P ¼ 0.0744 at weeks 4 and 8, respectively).
Effect of Hemin on Expression of VEGFa mRNA and Protein in Retinas of Diabetic Rats
As shown in Figures 10A and 10B , the densitometry of the VEGF immunoreactive band of approximately 25 kDa was significantly higher at 4 and 8 weeks after the injection of STZ to induce diabetes than in the control group (P < 0.0001 and P ¼ 0.0002 at weeks 4 and 8, respectively, n ¼ 6). This elevation in the level of VEGF protein was attenuated significantly in the retinas of hemin-treated rats at 4 weeks of diabetes (therapy group versus blank group, 7.57 6 2.23-fold vs. 9.50 6 2.09-fold at week 4 and 8.85 6 2.13-fold vs. 10.17 6 3.22-fold at week 8; P ¼ 0.0321 and P ¼ 0.1234 at weeks 4 and 8, respectively). Consistent with the protein data, our analysis revealed higher level of VEGFa mRNA in the diabetic blank group, compared to the control group ( Fig.  10C ; P ¼ 0.0138 and P ¼ 0.0043 at weeks 4 and 8, respectively; n ¼ 6) and reduced expression of VEGFa mRNA in the hemin(þ) therapy group, compared to the blank group ( Fig. 10C ; P ¼ 0.0277 and P ¼ 0.0224 at weeks 4 and 8, respectively), suggesting the direct role of HO-1 in the inhibition of VEGF.
Hemin-Mediated Suppression of p53 and Activation of bcl-2 in the Retinas of Diabetic Rats
To capture the anti-apoptotic effect of the hemin-induced expression of HO-1 in the retinas of diabetic rats, the expressions of p53 and survival-promoting bcl-2 were detected. As shown in Figures 11A and 11B , Western blot analysis revealed that the expression of retinal p53 protein was nearly undetectable in the vehicle group, and was significantly higher at 4 and 8 weeks after diabetes was induced than in the vehicle group (P < 0.0001, n ¼ 6). Hemin therapy reduced the expression of p53 in the retinas of diabetic rats at weeks 4 and 8 (therapy group versus blank group, 1.17 6 0.30-fold vs. 3.49 6 0.40-fold at week 4 and 1.89 6 0.49-fold vs. 3.67 6 0.18-fold at week 8; P < 0.0001), indicating that hemin treatment delayed the expression of p53. In contrast, expression of bcl-2 was detected in the vehicle group and was significantly lower in the hemin(À) diabetic blank group (Figs. 11A, 11D ; P ¼ 0.0011). A higher level of expression of the bcl-2 protein was detected in the retinas of hemin-treated rats, compared to the diabetic blank group (therapy group versus blank group, 1.05 6 0.08-fold vs. 0.81 6 0.17-fold at week 4 and 1.14 6 0.17-fold vs. 0.41 6 0.03-fold at week 8; P < 0.0001), indicating induced HO-1 might have a contribution to activation of bcl-2. Figures 11C and 11E show that quantitative real-time PCR revealed significantly higher expression of p53 mRNA (P < 0.0001, n ¼ 6) and a significant reduction in the expression of bcl-2 mRNA (P ¼ 0.0005) in the nontreated diabetic blank group, compared to the vehicle group. We also found a significant attenuation in the p53 mRNA expression from the retinas of the hemin-treated rats (P < 0.0001), compared to the diabetic blank group. The hemin-induced expression of bcl-2 mRNA was significantly higher in the therapy group than in the blank group (P ¼ 0.0001). The expression levels of p53 and bcl-2 mRNA were similar to trends in the expression of p53 and bcl-2 protein.
Effect of Hemin on Protection of Retinal Ganglion Cells
To determine the neuroprotective effect of hemin in diabetic retinas, we counted the number of TUNEL-positive cells in RGC layer. We also counted the number of diI-labeled RGCs.
Obvious TUNEL-positive nuclei were found in the RGC layer at 8 weeks after diabetes was induced (Fig. 12) . However, the apoptotic cells in the RGC layer of diabetic rats was significantly reversed by hemin. In Figure 12B , a quantitative analysis of the number of TUNEL-positive nuclei in the RGC layer shows that there were statistically fewer apoptotic cells in hemin-treated retinas (5.28 6 1.53 and 12.32 6 2.80 cells/ 1.0 mm length at weeks 4 and 8, respectively;) than in nontreated blank retinas (6.00 6 1.66 and 28.72 6 4.37 cells/ 1.0 mm length at weeks 4 and 8, respectively, P < 0.0001, n ¼ 6 eye samples at each time-point in each group). Interestingly, a certain number of apoptotic cells in INL also was found in the retinas of diabetic rats and reduced after hemin treatment (Fig.  12A) . These cells could be apoptotic Müller cells. But we didn't do the verification or the quantitative analysis in this paper.
The numbers of diI-labeled RGCs at weeks 4 and 8 in the normal, blank and therapy groups are shown in Table 3 (n ¼ 6 eye samples at each time-point in each group). The mean number of labeled RGCs in the normal retinas was 2472 6 145 cells/mm 2 (no significant difference was found among all the time-points in normal group, P ¼ 0.911). After diabetes was induced, the mean densities of diI-labeled RGCs reduced to 2282 6 105 cells/mm 2 at week 4 (P < 0.05) and 2001 6 207 cells/mm 2 at week 8 (P < 0.01). After hemin therapy, the mean number was 2318 6 114 cells/mm 2 at week 8. This is significantly higher than that in blank group at week 8 (P < 0.01).
DISCUSSION
Recently, a great deal of evidence has indicated the critical importance of upregulating HO-1 in mediating anti-inflammatory, anti-oxidant, anti-apoptotic, and anti-proliferative effects. The overexpression of HO-1 by pharmacologic modulation or gene transfer may represent a novel strategy for therapeutic intervention in the future. [28] [29] [30] [31] [32] In this study, we observed an increased concentration of blood hemoglobin and the decrease of glycosylated blood hemoglobin in diabetic rats after hemin treatment. We also found that the levels of expressed HO-1 protein and mRNA in retinal tissue after diabetes was induced followed the same time course and magnitude as the trends in the expression of Asterisks: groups that were significantly different from normal control group (*P < 0.05, **P < 0.01, n ¼ 6). Expression of Nrf2 was significantly higher in hemin(þ) group than hemin(À) group (P ¼ 0.003 at weeks 4 and 8). (C) Quantitative analysis of expression of tERK and pERK isoform in diabetic rat retinas and control retinas. In diabetic retinas, at time points of the study (2, 4, 6, 8 , and 12 weeks), the total levels of ERK1/2 isoform were unchanged. The phosphorylated levels of ERK1/2 isoform are presented as expression fold of pERK/tERK ratio. Asterisks: groups that were significantly different from normal control group (**P < 0.01, n ¼ 6). Expression of pERK was significantly higher (P ¼ 0.0008 at week 8) in hemin(þ) group compared to the hemin(À) group. Nrf2 and phosphorylated ERK1/2 (Figs. 3, 7) . Additionally, our study revealed that after hemin treatment, a strong upregulation of HO-1 in the retinal RGC layer, IPL, INL, and ONL (Figs.  5, 6 ) are combined with activation of the Nrf2/ERK pathway (Fig. 7) and attenuated apoptosis in the RGCs (Fig. 12, Table 3 ) in the diabetic retina. This observation suggests that pharmacologically inducing overexpression of HO-1 in the retina by administering hemin could provide protection against neuron degeneration from diabetes. Meanwhile, treatment with hemin also induced the antioxidant defense enzyme SOD-1 and the anti-apoptotic protein bcl-2 to overexpress in the retina of diabetic rats (Figs. 9, 11 ). On the other hand, hemin treatment significantly attenuated the expression of HIF-1a, VEGF, and P53 (Figs. 9-11 ). These results indicated that the protective effect of HO-1 may occur in part through the induction of SOD-1 and bcl-2, and inhibition of HIF-1a, VEGF, and P53.
Recent studies have demonstrated that redox-sensitive transcription factor Nrf2 responds to inflammatory stimuli and rescues cells/tissues from inflammatory injuries through its capacity to induce the expression of antioxidant enzymes, Asterisks: blank group and therapy group that were significantly different from control group at different time points (*P < 0.05, **P < 0.01, ***P < 0.001, n ¼ 6). (C, E) Expression of HIF-1a and SOD-1 mRNA determined by quantitative real-time PCR. Asterisks: blank group and therapy group that were significantly different from control group at different time points (*P < 0.05, **P < 0.01, ***P < 0.001, n ¼ 6). including HO-1. 22, 33 To our knowledge, the exact role of Nrf2 in the retina in response to diabetic injury and HO-1 induction has not been clarified. Our results demonstrated that the expression level of Nrf2 and phosphorylated ERK1/2 was upregulated 2 weeks after diabetes was induced by STZ and peaked at 4 weeks, which coincides with the peak of HO-1 expression in the retinas of diabetic rats (Fig. 7) . We also found that the expression of Nrf2 and phosphorylated ERK1/2 was increased after hemin treatment. These data imply that ERK1/2 may be the candidate kinase to activate Nrf2 nuclear translocation and subsequently induce HO-1 expression.
Müller cells, spanning the entire retinal thickness, are known for the importance of their physiologic function and pathologic resistance to insults to the retina: local pH shifts, excitotoxic reactions, generation of oxygen free radicals, and neurotrophic factors in the diabetic retina. 34, 35 The activation of Müller cells is the retina's anti-stress, self-protection reaction. Our immunohistochemical studies indicated that HO-1 was expressed selectively in the nucleus and processes of Müller cells, and that expression from the retinas of diabetic rats was found in all parts of the Müller cell, from the internal to the external limiting membrane (Fig. 4) . Concurrently, the activation of pERK 1/2 was located mainly in the INL and the Müller cell processes. The Asterisks: blank group and therapy group that were significantly different from control group at different time points (***P < 0.001, n ¼ 6). (C) Expression of VEGFa mRNA determined by quantitative real-time PCR. Asterisks: blank group and therapy group that were significantly different from control group at different time points (*P < 0.05, **P < 0.01, n ¼ 6).
hemin-induced immunoactivity of pERK 1/2 increased in the INL and RGC layer. The GFAP expression in the hemin-treated retinas of the diabetic rats was detected by increased staining intensity in RGC layer, ILM, and IPL, compared to the limiting expression in the ILM of retinas from untreated diabetic rats (Fig. 8) . Our previous study in STZ-induced diabetic rats indicated that GFAP is expressed by astrocytes in the ILM in normal retinas and activated in diabetic retinas by the Müller glial end foot. 36 Our observation indicated that the mechanism behind protecting against diabetic injury to retina, involving GFAP expression, concurrent with HO-1 induction and pERK activation, is related to Müller cell activation rather than to modulation of other types of retinal cells.
As part of understanding how diabetes leads to pathologic changes in retinopathy, recent evidence suggests a key role for oxidative stress, a state in which excess reactive oxygen species (ROS), overwhelm endogenous antioxidant systems. 37 Superoxide dismutase (SOD) is an important gene in the ROS network; it catalyzes the dismutation of superoxide into O 2 and H 2 O 2 , serving a key antioxidant role. 38, 39 The therapy that inhibits the development of retinopathy in diabetic rats prevents diabetes-induced increases in retinal superoxide accumulation and inhibition of SOD activity. 40 Overexpression of cytosolic SOD (Cu-Zn SOD, SOD-1) has been shown to attenuate diabetes-induced renal injury in streptozotocindiabetic mice and db/db mice. 41, 42 In our study, the results showed that the levels of this intracellular antioxidant were upregulated in the retina of diabetic rats at weeks 4 and 8. We presume it is a self-protective response at early stage of diabetic retinopathy, which is the same as increased level of HO-1 in the diabetic retina. We also found out that the overexpression of SOD-1 mRNA and protein were induced after hemin treatment. Our results suggested that hemin-induced HO-1 expression could provide retinal protection in the retinas of diabetic rats in part by SOD-1 induction.
Hypoxia is another risk factor that can accelerate the onset and progression of diabetic retinopathy. 43 The early changes provoked by hyperglycemia, including leukostasis, vasoconstriction, and a pro-inflammatory state, can cause hypoxia in the retina directly. 44 Hypoxia accelerates the inflammatory injury and neovascularization in the retina. Hypoxia-inducible factor 1a (HIF-1a) is sensitive to changes in the partial pressure The Western blot results of p53 and bcl-2 are presented as expression density against values of actin. Asterisks: hemin(þ) group that was significantly different from hemin (À) group, and hemin(À) group that was significantly different from control group (**P < 0.01, ***P < 0.001, n ¼ 6). (C, E) Expression of p53 and bcl-2 mRNA determined by quantitative real-time PCR. Asterisks: hemin(þ) group that was significantly different from hemin(À) group, and hemin(À) group that was significantly different from control group (***P < 0.001, n ¼ 6).
of oxygen, and is a key regulator for cells adaptation to hypoxia and ischemia. 45 Under hypoxic conditions, the HIF-1a and HIF1b heterodimerize to form the HIF-1 complex. VEGF and p53 are possible downstream genes regulated by HIF-1. 46, 47 Thus, up-regulating HIF-1a could result in either promoting angiogenesis or suppressing cell survival in a hypoxic condition. Knockout of HIF-1a in Müller cells in mice attenuated the increases of retinal vascular leakage and adherent leucocytes, as well as the overproduction of VEGF and ICAM-1 under diabetic conditions. 48 These findings indicated that the activation of HIF-1a was associated with retinal inflammation and neovascularization. In our study, the retinal HIF-1a levels increased in the early stages of the rats' diabetes, and hemin decreased the expression of HIF-1a at weeks 4 and 8. This result raised the possibility that HO-1 could provide retinal protection in part by inhibiting the activation of HIF-1a.
DR also is recognized as belonging to a group of neurodegenerative diseases that can be affected by progressive degeneration of RGCs. 49, 50 The protooncogenic families of p53 and bcl-2 proteins are best known for their roles in cell death and survival: p53 is considered to promote cell apoptosis, while bcl-2 generally is considered to have an antiapoptotic role. Interestingly, overexpression of HO-1 promoted protection against tissue injury by altering the down regulated bcl-2 levels and upregulated p53 expression in a mouse model of ischemic stroke and HO-1 transgenic mutation. 51 In another study, HO-1 transgene expression, where photoreceptors mediated neuroprotection against light damage in a murine model, is correlated with a decrease in the expression of p53 and an increase in the activation of bcl-2. 12 As described in our study, in the retinas of untreated diabetic rats, the number of apoptotic RGCs increased at weeks 4 and 8. The mRNA and protein level of bcl-2 decreased and p53 increased. After hemin injection and HO-1 induction, we observed alterations in the expression of bcl-2 and p53, combined with a higher number of living RGCs. These alterations would be among the mechanisms by which increased expression of HO-1 promoted RGCs survival by activation of bcl-2 protein and inhibition of p53. Asterisks: hemin(þ) therapy group that was significantly different from hemin(À) blank group (***P < 0.001), and hemin(À) blank group that was significantly different from control group (***P < 0.001). Apart from apoptosis, diabetic macular edema, retinal neovascularization, and proliferation also has occurred in the retina of a diabetic. 52, 53 VEGF is a potent mitogen for endothelial cells, triggering the proliferation, migration, and tube formation that leads to growing new blood vessels. 54 In addition, VEGF induces leukocytes to adhere to the retinal vessels, following inflammatory injury, resulting in breaking down the blood-retinal barrier and leading to diabetic macular edema. 55, 56 Clinical studies proved that intravitreal anti-VEGF drug injections, including the anti-VEGF aptamer, pegaptanib (Macugen; OSI Pharmaceuticals), the monoclonal antibody fragment Ranibizumab (Lucentis; Genentech Inc., San Francisco, CA), and the full length antibody bevacizumab (Avastin; Genentech Inc.), blocks VEGF-induced hyperpermeability of blood vessels and neovascularization. 56, 57 To elucidate the antiinflammation and anti-proliferation effect of HO-1, we evaluated the expression of VEGF protein and mRNA by the test rats. We demonstrated that the increase of VEGF protein and mRNA in the retina of diabetic rats could be attenuated by injecting hemin. It is possible that induced HO-1 expression could ameliorate inflammatory injury and prevent neovascularization by inhibiting the expression of VEGF.
The STZ-induced diabetic rat is one of the commonly used models of diabetes; the model displays morphologic and functional changes in the retina similar to those observed in the early stage of human DR. 58 HbA1c was recommended as a standard to diagnose for diabetes and stratify the risk, because its value represents the glycemic status over the last few months and it is well correlated with the complications of chronic diabetes. 59, 60 Our result showed that hemin treatment significantly increased the mean blood Hb level in diabetic rats. Also, hemin treatment significantly reduced the elevated mean blood HbA1c level in diabetic rats. These results demonstrated that hemin possesses potential antidiabetic and antihyperglycemic qualities, and could benefit diabetes-induced retinal injury.
As the limitation of our study, we have limited evidence of cause-and-effect between hemin treatment and change of some markers in this report. Detection of these markers after we stop hemin treatment may be helpful to evaluate its effect. Furthermore, enzymatic assay, combined with expression detection by Western blotting and real-time PCR, could determine HO-1 activity better.
In conclusion, we demonstrated that expression of hemininduced HO-1 resulted in upregulation of SOD-1 and bcl-2, as well as down-regulation of p53, VEGF, and HIF-1a. These effects attenuated diabetes-induced apoptosis in RGCs. The mechanism might work through the Nrf2/ERK signaling pathway. Hemin has a great potential to induce HO-1 expression in the retina of diabetes patients, and may have an important role for future therapeutic strategies to protect the retina neurons from the sort of inflammatory and oxidative stress-dependent damage observed during diabetic retinopathy.
